From $SL(5,\mathbb{R})$ Yang-Mills theory to induced gravity by Assimos, T. S. et al.
From SL(5,R) Yang-Mills theory to induced gravity
T. S. Assimos1∗, A. D. Pereira1†, T. R. S. Santos1‡,
R. F. Sobreiro1§, A. A. Tomaz1¶, V. J. Vasquez Otoya2‖
1UFF − Universidade Federal Fluminense,
Instituto de F´ısica, Campus da Praia Vermelha,
Avenida General Milton Tavares de Souza s/n, 24210-346,
Nitero´i, RJ, Brasil.
2IFSEMG − Instituto Federal de Educac¸a˜o, Cieˆncia e Tecnologia,
Rua Bernardo Mascarenhas 1283, 36080-001,
Juiz de Fora, MG, Brasil
Abstract
From pure Yang-Mills action for the SL(5,R) group in four Euclidean dimensions we obtain a gravity
theory in the first order formalism. Besides the Einstein-Hilbert term, the effective gravity has a cosmological
constant term, a curvature squared term, a torsion squared term and a matter sector. To obtain such
geometrodynamical theory, asymptotic freedom and the Gribov parameter (soft BRST symmetry breaking)
are crucial. Particularly, Newton and cosmological constant are related to these parameters and they also
run as functions of the energy scale. One-loop computations are performed and the results are interpreted.
Keywords: gauge theories, gravity, emergent gravity, Gribov ambiguities.
PACS Number(s): 04.60.–m, 03.50.–z, 04.50.Kd, 11.15.–q .
1 Introduction
Four-dimensional metric free gauge theories of gravities have been studied for almost four decades, see for
instance [1, 2, 3, 4, 5, 6, 7, 8]. This kind of theories are of great relevance on the construction of a quantum
gravity model because spacetime deformation and equivalence principle are consequences of the dynamics of the
theory, see [8, 9, 10, 11]. In that sense, the usual incompatibilities between the principles of quantum filed theory
and geometrodynamics are avoided. Another important motivation is the fact that all other three fundamental
interactions, namely quantum chromodynamics, quantum electrodynamics and weak interactions, are described
by gauge theories in flat space [12]. Moreover, quantum field theory can provide reliable predictions through
computations in flat space∗
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∗For practical reasons, we have to do computations (and therefore, predictions) in Euclidean signature spaces, which might be
connected to Lorentzian ones by a Wick rotation. It is well-known that, to do concrete computations in standard QFT, a Wick
rotation must be performed in order to have a tractable path integral. At the perturbative level, this is nothing else but a change of
variables which can always be done. On the other hand, there is no proof that a Wick rotation can be performed at non-perturbative
level.
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Mainly, in metric free gauge theories of gravity, the considered gauge groups are de Sitter groups, i.e.,
SO(m,n) with m + n = 5 and m ∈ {0, 1, 2}. The main idea is to start with a gauge invariant action and
break the group to the Lorentz group in such a way that the SO(m,n)/SO(m!− 1, 5−m!) sector of the gauge
connection is identified with the vierbein and the Lorentz sector with the spin-connection. To do this, a mass
scale is necessary because the gauge connection has dimension 1 while the vierbein has dimension 0. Except in
[8, 9], only topological actions were considered [1, 2, 3, 4, 5, 6]. In this case, the Higgs mechanism is employed
in order to split the group and make the vierbein to emerge. In [1], however, the breaking mechanism is not
discussed and a dynamical mechanism is not rejected. Examples of alternative gauge groups can be found in
[1] for a supergravity description and in [7] for a BF theory based on the SL(5,R) group.
Alternative mechanisms to bring geometry from a gauge theory were discussed by some of the authors in
[8, 9, 10, 11]. Specifically, in [8], an analogy between quantum chromodynamics and gravity was established.
Let us specify the analogy in more detail in the next paragraphs.
Quantum chromodynamics is known to have two distinct phases, the ultraviolet, where quark and gluon
states are asymptotically free, and the infrared, where the physical spectrum are hadrons and glueballs (the
latter are still theoretical). The final mechanism that connects both sectors still lacks, see for instance [14]
and references therein. Among all main proposals to describe such mechanism, there is the Gribov ambiguities
problem [15, 16] which is necessary to be treated in order to improve the quantization of non-Abelian gauge
theories at the low energy regime. Essentially, a residual gauge symmetry survives gauge fixing and this
symmetry is relevant only at low energies. Moreover, this problem is inherent to all non-trivial gauge theories
and plagues any gauge choice [17]. Dealing with this problem enforces the introduction of a mass parameter,
the so called Gribov parameter [15, 18, 19, 20], and the breaking of the BRST symmetry in a soft manner
[21, 22, 23]. Both effects are responsible for the destabilization of the gluon which acquires complex poles, a
feature that is usually interpreted as confinement. Moreover, the fact that the BRST symmetry breaking is a
soft breaking allows the usual Yang-Mills theory to be recovered at high energies where the Gribov parameter
is very small. Thus, the theory can be continuously deformed into the ultraviolet and infrared sectors, i.e.,
into the asymptotically free and confined phases. Finally, at the confined phase, due to the gauge principle,
one should look for gauge invariant objects in order to determine the physical states of the theory. In the case
of quantum chromodynamics, these objects are identified with hadrons and glueballs [24, 25, 26]. It is worth
mention that all results obtained are in remarkable agreement with lattice simulations [27].
The idea developed in [8], and discussed in [10, 11], is that gravity could also be described by Yang-Mills
theories and soft BRST symmetry breaking. Instead of considering topological theories supplemented with
Higgs mechanism, the starting point is the pure Yang-Mills action for de Sitter groups in four-dimensional
spacetime. Assuming the existence of a dynamical mass parameter (possibly the Gribov parameter), soft BRST
symmetry breaking and asymptotic freedom, the theory suffers an Ino¨nu¨-Wigner contraction [28] which induces
a symmetry breaking to the Lorentz group. At this point, the sectors of the gauge field are identified with the
vierbein and spin-connection and a first order gravity [29, 30, 31] emerges. Thus, at high energies, gravity would
be a massless asymptotic free Yang-Mills theory whose spin-1 excitations can be interpreted as the “gravitons”.
As the energy decreases, the soft BRST symmetry takes place and the mass parameter gradually emerges. The
spin-1 “graviton” is then ruled out from the spectrum. It is then assumed that, at some lower scale, the ratio
r = γ2/κ2 (γ is the Gribov parameter and κ the coupling parameter) is very small and the de Sitter algebra
deforms to the Poincare´ algebra. Since the original action is not invariant under Poincare´ transformations, the
deformation induces a breaking of the gauge group to the Lorentz group. The contraction stage is actually
absent in quantum chromodynamics. Finally, evoking the gauge principle, it should be possible to determine
the physical observables of the theory. One remarkable feature is that, due to the degrees of freedom of the
theory, there are two relatively simple gauge invariant operators that can be identified with nontrivial geometric
properties of spacetime, namely, the metric and connection. Thus, instead of composite states, the physical
observables are geometrical assignments of spacetime.
Three comments are in order. First, the presence of a mass parameter is crucial because Newton and
cosmological constant are not dimensionless. Second, the fact that the mass is dynamical and vanishes at the
ultraviolet regime is very important because it prevents gravity to emerge at very high energies. Moreover, the
gauge field has dimension 1 while the vierbein has vanishing dimension. Thus, only with a mass at our disposal
these quantities could be identified. Third, the mass parameter emerges at the Yang-Mills level due to the
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presence of Gribov ambiguities in the theory. It means that we must deal with them at the quantum Yang-Mills
regime. This is completely different from the discussion of the Gribov problem in gravity theories, as in [32].
There, spurious configurations of the fluctuation of the metric with respect to a background are present and
must be eliminated somehow. In our case, the quantization issues are just present on the Yang-Mills realm.
In the present work we first generalize the method to the SL(5,R) group. Indeed, as aforementioned,
this group already has been studied in topological theories, see [7], where the mass parameter responsible by
breaking of the SL(5,R) algebra is generated by a Higgs mechanism. Furthermore, it should be clear that any
generalization of the SO(5) gauge group should generate, besides of the SO(4) gauge group, an extra matter
sector, and this is a motivation to study the SL(5,R). We shall see that, besides cosmological constant, there is
an extra sector of the gauge connection which appears as a massive matter field at the final geometrodynamical
theory. Second, the quantum sector of the theory is semi-perturbatively analyzed at 1-loop order. Specifically,
Newton and cosmological constants are simple functions of the Gribov and coupling parameters (See expression
(22)). Since these quantities are running parameters, the gravitational parameters will run as well. We derive the
behaviour of all parameters and show that (for 1-loop approximation) the theory provides very good predictions.
More precisely, by fixing the value of Newton’s constant, we determine the energy scale of the geometric phase
to be of the order of 1017TeV, which is right below Planck scale. Moreover, the cosmological constant assumes
a very large value which might (at more exact computations) account for the discrepancy between the observed
and the quantum vacuum cosmological constants.
This work is organized as follows: In Sect. 2 we provide our definitions and conventions of the SL(5,R)
Yang-Mills theory. We also discuss the main properties of the model. In Sect. 3, it is shown that the classical
action is equivalent to a generalized first order gravity action with a cosmological constant term and a bosonic
matter sector. Then, in Sect. 4, we discuss the validity of this equivalence at quantum level. Specifically, the
role of Gribov ambiguities and BRST soft breaking, the running of the parameters and 1-loop estimates are
discussed. Finally, our final considerations are displayed in Sect. 5.
2 SL(5,R) gauge theory
2.1 Structure of the SL(5,R) group
The real five-dimensional special linear group, SL(5,R), consists of the collection of all 5×5 invertible matrices
with unitary determinant. From the 25 generators of the general linear group GL(5,R), denoted by LAB , we
can construct the 24 trace-free generators of the special linear group, namely
JAB = L
A
B − 1
5
δABL, (1)
where Latin capital indices vary as {0, 1, 2, 3, 4} and L = LAA. Following [7], we choose J44 = 0. The Killing
metric is normalized as Tr
(
JABJ
C
D
)
= −δADδCB . The Lie algebra of the special linear group is given by[
JAB , J
C
D
]
= δCBJ
A
D − δADJCB . (2)
According to [33], there is a four-dimensional matrix representation for the linear group,
SL(5,R) ≡ R4 ×GL(4,R)× R4∗ ,
where the sectors R4 and R4∗ are pseudo-translations. This representation corresponds to a projection on the
fourth coordinate A = (a, 4). Applying this decomposition on the algebra (2) and defining Ja = J
4
a and
Ja∗ = J
a
4, where small latin indices vary as {0, 1, 2, 3}, the pseudo-translations algebra is given by
[Ja, Jb] = 0 ,[
Ja∗ , J
b
∗
]
= 0 ,[
Ja, J
b
∗
]
= −Jba , (3)
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while the four-dimensional general linear sector splits as
[Jab, Jc] = −δacJb ,
[Jab, J
c
∗ ] = δ
c
bJ
a
∗ ,
[Jab, J
c
d] = δ
c
bJ
a
d − δadJcb . (4)
We can give a forward step and decompose the GL(4,R) group as GL(4,R) = SO(4)× S(10), where S(10)
denotes a symmetric coset space with 10 parameters. This decomposition corresponds to write Jab = Q
a
b+P
a
b,
where Q ∈ SO(4) and P ∈ S(10). Thus, the algebra (4) will split accordingly. For the mixing with pseudo-
translations we have
[Qab, Jc] = −
1
2
(δacJb − δbcJa) ,
[P ab, Jc] = −1
2
(δacJb + δbcJ
a) ,
[Qab, J
c
∗ ] =
1
2
(δcbJ
a
∗ − δacJ∗b) ,
[P ab, J
c
∗ ] =
1
2
(δcbJ
a
∗ + δ
acJ∗b) , (5)
and for the GL(4,R) sector the decomposition reads
[Qab, Q
c
d] = −
1
2
(δadQ
c
b − δbdQca + δcaQbd − δcbQad) ,
[P ab, P
c
d] =
1
2
(δcbQ
a
d + δ
acQbd − δbdQca − δadQcb) ,
[Qab, P
c
d] =
1
2
(δcbP
a
d − δacPbd + δbdP ac − δadP cb) . (6)
Thus, after the entire decomposition
SL(5,R) ≡ R4 × [SO(4)× S(10)]× R4∗ ,
the relevant algebra is (3), (5) and (6).
A few remarks are in order: i.) The group SO(4) is a stability group with respect to both groups, namely,
SL(5,R) and GL(4,R). This is evident from the algebra decompositions (5) and (6). ii.) The symmetric space
S(10) is trivial in the sense that it can be contracted down to a point [34]. iii.) The pseudo-translations are
also symmetric spaces. However, due to the third relation in (3), this is not a trivial space. iv.) The pseudo-
translations may become Abelian through an Ino¨nu¨-Wigner contraction (Physically, this contraction requires a
mass scale) [28] and then, eventually, becoming a trivial space.
2.2 Fields and action
The starting point of this work is an SL(5,R) Yang-Mills massless action in a Euclidean four-dimensional
spacetime,
SYM =
∫
FA
B ∗ FBA , (7)
where FAB are the components of the field strength 2-form F = dY + κY Y , d is the exterior derivative, κ
is the coupling parameter and Y = dxµYAµ
BJAB is the algebra valued gauge connection 1-form. The action
(7) is invariant under SL(5,R) gauge transformations, i.e., Y 7−→ U−1 ( 1κd+ Y )U , where U ∈ SL(5,R). At
infinitesimal level, the gauge transformations reduce to
Y 7−→ Y +Dα , (8)
where D = d+ κY is the adjoint covariant derivative.
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Spacetime and the gauge group are not dynamically related. Moreover, since this is a massless theory, there
cannot be any relation between the degrees of freedom of this action with gravity. This occurs because the
gauge field has UV dimension 1 and the vierbein (or the metric tensor) has vanishing dimension. Moreover,
a mass parameter is required to make Newton’s constant to emerge. Before we discuss the masses that can
be dynamically generated, we apply the group decomposition discussed in Sect. 2.1 to the action (7). The
connection splits as
Y = YA
BJAB = Aa
bQab +Ma
bP ab + θ
aJa + piaJ
a
∗ , (9)
and the corresponding field strength also decomposes,
F = FA
BJAB =
[
Fa
b + κMa
cMc
b +
κ
2
(
piaθ
b − pibθa
)]
Qab +
[
∇Mab + κ
2
(
piaθ
b + pibθa
)]
P ab
+
(∇θa − κMbaθb) Ja + (∇pia + κMabpib) Ja∗ ,
(10)
where, ∇ = d+κA denotes the covariant derivative with respect to the SO(4) sector and Fab = dAab+κAacAcb.
Thus, the action (7) decomposes as
SYM =
∫ {
Fa
b ∗ Fba + 2κFab ∗ (pibθa) + 2∇θa ∗ ∇pia + κ2(piaθb) ∗ (pibθa)
+ ∇Mab ∗ ∇Mab + κ2MacMcb ∗
(
Mb
dMd
a
)
+ 2κFa
b ∗ (MbcMca) + 2κ∇θa ∗
(
Ma
bpib
)
− 2κ∇pia ∗
(
Mabθ
b
)
+ 2κ∇Mab ∗ (pibθa)− 2κ2Mabθb ∗ (Macpic) + 2κ2MacMcb ∗ (pibθa)
}
. (11)
The gauge transformations (8) are then separated into sectors as
Aa
b 7−→ Aab + dζab + κ
(
Aa
cζc
b −Abcζca +Macξcb −M bcξca
)
− κ
2
(
θaβ
b − θbβa − piaηb + pibηa
)
,
Ma
b 7−→Mab + dξab + κ
(
Ma
cζc
b −M bcζac +Aacξcb +Abcξca
)
− κ
2
(
θaβ
b + θbβa − piaηb − pibηa
)
,
θa 7−→ θa + dηa + κ (Aabηb −Mabηb − θbζab + θbξab) ,
pia 7−→ pia + dβa + κ
(
A ba βb +M
b
a βb − pibζ ba + pibξ ba
)
,
(12)
where the gauge parameter was dismembered as
α = ζa
bQab + ξa
bP ab + ηaJ
a + βaJ
a
∗ .
For further use, we remark that the action (11) is invariant under the discrete symmetry
A 7−→ A ,
M 7−→ −M ,
θ 7−→ pi ,
pi 7−→ θ . (13)
Essentially, this symmetry establishes that fields pi and θ are indistinguishable.
2.3 Physical properties
The action (11) is nothing else than the SL(5,R) Yang-Mills action (7) in a decomposed form. The Yang-Mills
theory has two main properties [12]:
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• Renormalizability : The Yang-Mills action defines a renormalizable theory, at least to all orders in pertur-
bation theory [35]. Renormalizability states that ultraviolet divergences can be consistently eliminated
from perturbative computations, i.e., Yang-Mills theories are stable at quantum level. It is worth mention
that BRST symmetry is very important with respect to the renormalizability of a gauge theory.
• Asymptotic freedom: The renormalization of the coupling parameter leads to the concept of asymptotic
freedom [36, 37]. This property predicts that, at high energies, the coupling is very small and perturbation
theory can be safely employed. However, as the energy decreases, the coupling increases. At this strong
coupling regime, the theory is non-perturbative and yet to be fully understood.
It was shown in [15] that, at low energies, gauge fixing is not possible by the simple introduction of a
constraint. This problem is commonly known as Gribov ambiguities. The main point in the elimination of the
Gribov ambiguities is that BRST quantization (and also the standard Faddeev-Popov quantization) shows itself
to be incomplete at low energy level. In fact, the implementation of a gauge fixing does not eliminate completely
the gauge symmetry, a residual symmetry survives. Moreover, it was shown that this problem occurrs for any
gauge choice [17]. The spurious gauge configurations are called Gribov copies and they are the kernel of the
Gribov ambiguities. Remarkably, these copies gain relevance only at low energies, keeping the high energy
sector untouched and consistent at quantum level. To eliminate the Gribov ambiguities is a hard step that is
not yet fully understood. However, at the Landau gauge, the infinitesimal copies can be eliminated through
the introduction of a soft BRST breaking related to a mass parameter known as Gribov parameter γ. It is also
remarkable that, in QCD, the treatment of this technical problem leads to exceptional evidences of quark-gluon
confinement [15, 18, 38, 19, 20]. The main properties of dealing with Gribov ambiguities are the following:
• The elimination of infinitesimal Gribov ambiguities at the Landau gauge leads to the so called Gribov-
Zwanziger local action [18, 38, 19] which carries extra auxiliary fields associated to a non-local term that
accounts for the infinitesimal Gribov copies. This non-local term is proportional to γ4. Remarkably, at
the ultraviolet limit, this term is suppressed and the usual Yang-Mills action is recovered. The Gribov-
Zwanziger action is renormalizable, at least to all orders in perturbation theory, in such a way that the
ultraviolet sector of the theory is unchanged. In fact, no extra renormalizations are required [18, 19]; all
extra fields and the Gribov parameter renormalization factors depend on the gluon and coupling parameter
renormalization factors.
• It turns out that the Gribov-Zwanziger action is not BRST invariant, and the breaking is proportional to
the Gribov parameter squared. Since γ has dimension of a mass, the breaking is soft, and thus, harmless
to the ultraviolet sector [21, 22]. It was shown that, the breaking can be controlled and does not affect
the quantum sector of the model.
• The Gribov parameter is determined from the minimization of the quantum action δΣ/δγ2 = 0. A
straightforward computation at tree level [15] predicts
γ2 = µ2 exp
(−64pi2
3Nκ2
)
,
where µ2 is a cutoff and N is the Casimir of the gauge group, fABCfBCD = −NδAB, where the collective
index means A ≡ {AB}. Thus, at the perturbative regime, κ → 0, we have that γ → 0. To take this
limit is equivalent to take the high energy limit. Thus, the presence of the Gribov parameter allows the
Gribov-Zwanziger action to be continuously deformed into the Yang-Mills action. In fact, the ultraviolet
and infrared sectors can be continuously deformed one in each other [21, 22].
• Besides the Gribov parameter, another possible effect is that, at low energies, dynamical mass generation
[19, 20] takes place. It originates from the condensation of dimension-2 operators. The combination of
these mass parameters and the Gribov parameter drastically changes the behavior of the theory at infrared
scale. In the case of SU(N) group, these changes are also relevant for confinement.
• One of the evidences of confinement emerges from the gauge propagator which, for finite values of γ,
acquires complex poles [19, 20]. The consequence is that it violates positivity of the spectral representation
and thus, no physical particles can be associated with this propagator.
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• The union of the Gribov-Zwanziger formalism and the condensation of dimension-2 operators is called the
refined Gribov-Zwanziger formalism [20] and improves the results obtained from the Gribov-Zwanziger
action. For instance, the propagators of the RGZ action coincide with the results obtained from huge
lattice simulations [27].
• We also remark that, some advances on the determination of the physical spectrum of the infrared sector
of Yang-Mills theories have been made [24, 39]. Although very difficult, the main requirement is gauge
invariance, i.e., observables are identified with gauge invariant operators which have spectral representa-
tion. In quantum chromodynamics, these operators must describe its low energy spectrum, i.e., hadrons
and glueballs.
3 Effective gravity
We will now show how the action (11) can be associated with a geometrodynamical gravity theory. At this point
we consider only the action (11) and the existence of a mass parameter γ (possibly, the Gribov parameter).
This is justified by the fact that the quantum action Σ is supposed to be of the same form of the classical action
[35]. The effect depends on the existence of such a mass that tends to zero at the ultraviolet regime. At Sect. 4,
we will discuss some properties and consequences of quantum effects on the light of Gribov ambiguities and
BRST soft breaking.
3.1 Rescalings and contractions
The first step is a rescaling of the fields, only possible if a mass scale is at our disposal. We perform the following
rescaling of the fields
{Aab,Mab} 7→ κ−1{Aab,Mab} ,
{θa, pia} 7→ γκ−1{θa, pia} . (14)
Under this rescaling, the action (11) now reads
SYM =
1
κ2
∫ {
F a
b ∗ F ba + 2γ2F ab ∗ (pibθa) + 2γ2∇pia ∗ ∇θa + γ4piaθb ∗ (pibθa) +∇Mab ∗ ∇Mab
+ Ma
cMc
b ∗
(
Mb
dMd
a
)
+ 2F a
b ∗ (MbcMca) + 2γ2∇θa ∗
(
Ma
bpib
)
− 2γ2∇pia ∗
(
Ma
bθb
)
+ 2γ2∇Mab ∗ (pibθa)− 2γ2Mabθb ∗ (Macpic) + 2γ2MacMcb ∗ (pibθa)
}
.
(15)
We remark that, θa and pia now have vanishing dimension and thus, are suitable candidates to be associated
with the vierbein. On the other hand, A and M remain with dimension-1. Moreover, the common factor
κ−1 in the rescaling is a standard procedure in quantum field theory [12]. The effect is that it is completely
factorized at the action. This is evident from the expressions of the over-lined quantities, F = dAa
b + Aa
cAc
b
and ∇ = d+A.
In order to preserve the structure of the algebra-valued fields θ and pi, the mapping has to be imposed for
the algebras as well, by {Ja, Ja∗ } 7−→ κγ−1{Ja, Ja∗ }, see [8]. This extra requirement ensures that, under the
rescaling, {θ, pi} 7−→ {θ, pi}. This affects only the third relation of (3) by
[
Ja, J
b
∗
]
= −γ
2
κ2
Jba . (16)
The next step consists on the deformation of the theory based on the group SL(5,R) into a reduced theory
with SO(4) gauge invariance. We can make this contraction in two distinct steps. First, at low energy regime,
the presence of a mass parameter allowed the rescaling of the fields that led to the action (15). The consequence
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for the algebra is described at the relation (16). Thus, for a regime in which γ2/κ2 → 0, the pseudo-translations
become two independent pairs of translations. This is ensured by the Ino¨nu¨-Wigner theorem [28]. Thus, from
the triviality of translations, the group can be continuously deformed as SL(5,R) 7−→ GL(4,R), see for instance
[34, 8]. Second, the contraction GL(4,R) 7−→ SO(4) is also ensured because the sector S(10) is trivial (It is
isomorphic to a vector space [34]). Thus, it is a standard theorem on fiber bundle theory [34], that the reduced
connection A defines a connection on the SO(4) gauge theory. The rest of the fields survive as matter fields. In
fact, after all contractions, the gauge transformations (12) reduce to
Aa
b 7−→ Aab +∇ζab ,
Ma
b 7−→ Mab +Macζcb −M bcζac ,
θa 7−→ θa − θbζab ,
pia 7−→ pia − pibζ ba , (17)
which is the typical gauge transformations for the SO(4) gauge theory. It is clear that A is the gauge field and
the rest are matter fields.
3.2 Observables, geometry and gravity
We are now ready to identify the SO(4) gauge theory described by the action (15) with gravity. To do this, it
is crucial to identify a few gauge invariant operators. The question that should be addressed is: What is the IR
theory we want and which are the observables? In electroweak theory, the infrared sector suffers a spontaneous
symmetry breaking and the theory has to be redefined in order to obtain its correct physical spectrum, described
by gauge invariant operators. In quantum chromodynamics, although a final theoretical description is yet to
be developed, it is known that the gauge invariant operators must be associated with hadrons and glueballs. In
gravity, inevitably, these operators have to be identified with geometry. In fact, it is easy to see that the two
operators
σµν = δabθ
a
µpi
b
ν
Θαµν = δabσ
αβθbβ (∂µpi
a
ν +A
a
µ cpi
c
ν) , (18)
are gauge invariant and carry the degrees of freedom of the metric tensor gµν and affine connection Γ
α
µν . Thus,
one can identify an effective geometry from
gµν = 〈σµν〉 ,
Γαµν = 〈Θαµν〉 , (19)
where the expectation value should be taken with respect to the most complete action (see next section).
The relations (19) can actually be performed by identifying the fields pi and θ with the vierbein of the effective
spacetime and A with the spin-connection. The symmetry between θ and pi described in (13) is crucial, otherwise,
it would not be possible to identify both translational fields with the vierbein. Thus, under this assumption, the
gauge theory constructed in R4 can be identified with a deformed spacetime M4. To make this identification
consistent, we follow [8]: First, we impose that p-forms in R4 are mapped into p-forms in M4 and, as a
consequence, Hodge duals in R4 are mapped into Hodge duals in M4. See [8, 11] for more formal discussions
on this mapping. In addition, after the breaking, the fields θ and pi are redundant. This feature and the
symmetry (13) allow both fields to be identified with the vierbein. Thus, the following consistent identifications
are demanded
ωa
b = δaaδ
b
bAa
b ,
1
2
ea = δaaθ
a = δaapi
a ,
ma
b = δaaδ
b
bMa
b , (20)
where ω is the spin-connection and m a symmetric 1-form. Latin indices a, b, c.. refer to the tangent space
TX(M) in X ∈M4.
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The map (20), applied to the action (15), yields
SYM 7−→ Smap ,
which can be explicitly written as
Smap =
γ2
κ2
∫ {
1
γ2
Ra
b ? Rb
a +
1
2
Rab ?
(
ebea
)
+
1
2
T b ? Tb +
γ2
16
eaeb ?
(
ebea
)
+
1
γ2
Dma
b ? Dmb
a
+
1
γ2
ma
cmc
b ? (mb
dmd
a) +
2
γ2
Ra
b ? (mb
cmac)− 1
2
mb
aeb ? (ma
cec) +
1
2
malm
l
b ?
(
ebea
)}
. (21)
This action can be interpreted as a four-dimensional gravity if we identify Newton and cosmological constants
through
γ2 =
κ2
8piG
=
4Λ2
3
, (22)
where G is the Newton constant and Λ2 stands for the cosmological constant. Thus, we have for the effective
gravity theory
SGrav =
1
16piG
∫ {
− 3
2Λ2
Ra
b ? Rab − 1
2
abcdR
abeced + T b ? Tb − Λ
2
12
abcde
aebeced +
3
2Λ2
Dma
b ? Dmb
a
+
3
2Λ2
ma
cmc
b ? (mb
dmd
a) +
3
Λ2
Ra
b ? (mb
cmac)−mbaeb ? (macec)− 1
2
abcdmalm
l
beced
}
.
(23)
The action (23) describes a first order gravity coupled to a matter field m. The Einstein-Hilbert term, as well
the cosmological constant, are immediately recognized. Moreover, quadratic terms on the curvature and torsion
are present, providing a modification of standard general relativity. The Newton constant is expected to be
very weak at the present stage of the Universe. Thus, from (22), the cosmological constant should be very
large. This is a good feature of the model because this pure (renormalized) gravitational constant Λ2ren can
enter in the game together with the cosmological constant predicted by quantum field theory. Thus, there is
hope in order to obtain a complete cosmological constant that coincides with the observations [40, 41]. In fact,
a compensation can occur by imposing a renormalization condition for the model:
Λ2obs = Λ
2
ren + Λ
2
qft . (24)
Concerning about Eq. (24), the main idea is to fix the Newton’s constant, which depends on κ and γ, as
its experimental value. Once we fix it, the renormalization group cutoff is automatically set near to the Planck
scale. Hence, the cosmological constant inherent to the model is fixed to a huge value – See details in Sect. 4.
We still have to consider the vaccum of the matter content, eventually. So, since the matter content provides a
huge, but negative, cosmological constant, we argue that the sum of this value with ours (positive huge value)
could provide the correct value for an observational cosmological constant. The main idea about this point is
discussed in detail in reference [41].
Concerning the matter sector, it is clear that m is massive (last two terms in (23)), and thus, has a finite
range. Moreover, due to the symmetry of its tangent indices, it carries up to spin-3 modes. The origin of
such “matter sector” is the decomposition of what would be the non-metricity of the nontrivial geometry. Such
exchange among geometric properties of the effective geometry and matter fields was explored in [42]. The very
identification of such matter fields is not enough to attach a physical meaning to them and a detailed analysis
is necessary.
For completeness, we write the field equations from action (23). For the vierbein, spin-connection and the
matter field, we obtain, respectively,
− 3
2Λ2
Rbc ? (Rbcea) +D ? Ta + T
b ? (Tbea)− abcdRbced − Λ
2
3
abcde
beced = − 3
2Λ2
[
Dmb c ? (Dmb
cea)
+ mb
cmc
d ? (md
lml
bea) + 2R
b
c ? (m
c
dm
dbea)
]
+mb a ? (m
c
bec)−mb cec ? (md bedea) + abcdmb lmlced ,
(25)
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3Λ2
D ? Rab + abcdT
ced − ea ? Tb + eb ? Ta = − 3
Λ2
[ma
c ? Dmcb −mb c ? Dmca +D ? (ma cmcb)] ,
(26)
D ?Dmab +ma
c ? (mc
dmdb) +mb
c ? (mc
dmda) +ma
c ? Rcb +mb
c ? Rca
− Λ
2
3
[eb ? (mace
c) + ea ? (mbce
c)]− Λ
2
3
(
acdlm
l
be
ced + bcdlm
l
ae
ced
)
= 0 . (27)
4 Quantum aspects, consistency checks and further improvements
To show that the classical SL(5,R) Yang-Mills action is equivalent to the gravity theory (23), there were made
three hypothesis: First, that a mass emerges at some scale, otherwise, no vierbein can be defined. Second, that
the ratio γ2/κ2 is sufficient small at some scale. Third, that there exists a map between the original Euclidean
base space and the effective deformed spacetime. Let us discuss each of these issues and other relevant details.
For simplicity, we will restrict ourselves to the Landau gauge and we will fix our attention exclusively to the
Gribov mass.
4.1 Gribov ambiguities and soft BRST symmetry breaking
The model needs a mass parameter that could be used to separate two sectors of the theory: the quantum
sector (massless perturbative Yang-Mills theory) and the effective sector (geometrodynamical gravity theory).
The most natural mass parameter is the Gribov parameter. Let us identify it with γ. This parameter appears
as a necessity in order to keep quantum consistency of Yang-Mills theories at low energy regime [15, 18, 19] and
enters in the action through a non-local extra term. For instance, at the Landau gauge, the improved gauge
fixed action reads [18, 19]
S = SYM + Sgf + SGZ , (28)
where
Sgf =
∫ (
bAd ∗ Y A + cAMcA
)
,
SGZ = γ
4κ2
∫ [
fABCf
CDEY A(∗M−1)BD ∗ YE + ∗N
κ2
]
. (29)
The action Sgf is the Landau gauge fixing term supplemented by the Faddeev-Popov term and SGZ is the
Gribov-Zwanziger term. The object M = d ∗ D is the 4-form Faddeev-Popov operator, the fields cA and
cA are the Faddeev-Popov ghost and anti-ghost fields while bA is the Lautrup-Nakanishi field. The constant
N = d(N2 − 1) depends on the spacetime dimension d = 4 and group dimension (N2 − 1) = 24. The first term
in SGZ , being non-local, characterizes a highly complicated behavior of the theory. However, this term can be
easily localized through the introduction of extra auxiliary fields, see [18, 19]. Remarkably, the Gribov-Zwanziger
term does not spoil the renormalizability of the theory, in fact, the ultraviolet sector remains unchanged and
no extra divergences are introduced [18, 38, 19].
It is easy to check [21, 22] that the Gribov-Zwanziger term is the term that breaks BRST symmetry in a
soft manner. However, the Gribov parameter tends to vanish at the ultraviolet limit (see Fig. 1). Thus, at this
limit, the BRST symmetry is asymptotically restored at high energies. The consequence for the present gravity
model is that, at high energies, the massless theory is consistent at quantum level. Then, at some lower scale,
soft BRST breaking takes place. At this scale, the propagators of the fundamental fields cannot be associated
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with physical excitations anymore [18, 19, 20] because of the appearance of complex poles†:
〈
Aabµ A
cd
ν
〉
p
=
κ2
2
(
δacδbd − δadδbc)( p2
p4 + γ4
)
Tµν ,
〈
Mabµ M
cd
ν
〉
p
=
κ2
2
(
δacδbd + δadδbc
)( p2
p4 + γ4
)
Tµν ,
〈
θaµpi
b
ν
〉
p
= δab
κ2
γ2
(
p2
p4 + γ4
)
Tµν , (30)
where Tµν = δµν − pµpν/p2 is the transversal projector in momentum space. The fact that these propagators
have no Ka¨lle´n-Lehmann representation, establishes that these states are removed from the physical spectrum
of the theory. This is enough to motivate us to look for new gauge invariant operators to be identified with
physical states. As discussed before, we identify these operators with an effective geometry of the spacetime.
It is worth mention that the Gribov-Zwanziger approach can be improved by considering dimension-2 local
composite operators and their respective condensates [19, 20]. This implementation is known as the refined
Gribov-Zwanziger formalism and the effect is to deform the horizon function with extra mass parameters as-
sociated with the these dimension-2 condensates [20]. For the sake of simplicity, we have only considered here
the Gribov parameter, which appears to accommodate the relevant effects of this work. Eventually, these
condensates might be relevant to adjust the explicit numbers predicted by the theory.
4.2 Running parameters and one-loop estimates
In perturbative quantum field theory, the running of the parameters can be determined by the renormalization
factors of fields and parameters. In the case of the Gribov parameter, it is determined by a gap equation
obtained from the minimization of the quantum action with respect to γ2. At one-loop, the gap equation is‡
[15, 19]
3Nκ2
4
∫
d4p
(2pi)4
1
p4 +Nγ4
= 1 . (31)
where N = 5 and p is the internal momentum. Thus, following [19], by employing the MS renormalization
scheme at the gap equation (31), we find
Nκ2
16pi2
[
5
8
− 3
8
ln
(
Nγ4
µ4
)]
= 1 , (32)
where µ is the energy scale and the trivial solution γ2 = 0 was excluded. Equation (32) provides
γ4 =
e5/3
N
µ4e−
8
3
16pi2
Nκ2 . (33)
Recalling that [36, 37]
Nκ2
16pi2
=
1
11
3 ln
µ2
Λ
2
, (34)
where Λ is the renormalization group cutoff, we find (see Fig. 1)
γ2 =
e5/6√
5
Λ
2
(
µ
Λ
)−70/9
. (35)
We can see from (35) and Fig. 1 that, as higher the energy, as smaller is the Gribov parameter. This is
the expected behavior [15, 19, 20] of γ2. At the deep infrared region, however, it seems to diverge. This
†The rescaling (14) was employed.
‡It is important to notice that, because we are dealing with Yang-Mills theories, the following computations can be derived in
the same manner that of [19], only keeping in mind that the fundamental Casimir here is 5 and the group dimension is 24.
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behavior is an evidence that the semi-perturbative approximation needs improvements. In fact, it is known
from lattice simulations for unitary groups that the coupling parameter is finite at the origin [14, 43]. This kind
of improvement could affect the infrared sector of the Gribov parameter in such a way that it could also be
finite.
Figure 1 Gribov parameter as function of energy scale. The energy is in units of Λ and the Gribov parameter in units
of e
5/6√
5
Λ
2
.
Now, the ratio r = γ2/κ2 is easily determined from (34) and (35)
r =
55
48pi2
(
e5/6√
5
)
Λ
2
(
µ
Λ
)−70/9
ln
(
µ2
Λ
2
)
. (36)
The behavior of r is plotted in Fig. 2. It is clear that the ratio r has a very interesting behavior. As expected,
at high energies, r asymptotically vanishes. Then, in a scale right above Λ, r achieves a maximum. At this
region, BRST soft breaking takes place and the rescaling of the fields (14) is allowed. After that, it drops fast to
zero at µ = Λ. Is exactly at this point that the theory suffers the Ino¨nu¨-Wigner deformation which induces the
breaking to the SO(4) theory and the geometric phase starts over. This point is also recognized as the point
of phase transition in non-Abelian gauge theories. Below this point, another theory takes place. In the case
of quantum chromodynamics, ΛQCD ≈ 237MeV, the Yang-Mills action should be replaced by an action based
on hadrons and glueballs excitations. In the case of gravity, the Yang-Mills action must be substituted by a
geometrodynamical action.
Figure 2 The ratio r as function of energy scale. The energy is in units of Λ and the ratio r in units of 55
48pi2
(
e5/6√
5
)
Λ
2
.
Below the transition point Λ, where the coupling parameter diverges, the squared coupling parameter ac-
quires negative values. This indicates that below Λ the perturbative predictions are actually meaningless.
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However, from lattice predictions [27], there are strong evidences that the non-perturbative coupling is actually
finite at the origin and presents no divergence at the transition scale. On the other hand, we can argue that
the divergence is a strong signal that there is a phase transition at that point. Thus, neither way, the coupling
parameter should drop out in favour of an effective coupling. In the case of QCD, it is not known how to obtain
this parameter from the dynamics of Yang-Mills theories. However, in the present case, we can interpret the
ratio r as the effective coupling (which is related to Newton‘s constant). Thus, accepting that for a moment,
we can plot the inverse of r ∝ G−1 (see Fig. 3) and argue that the graph (and also Fig. 2) is valid for all scales
(except perhaps at the the deep infrared). In this case, after the phase transition (the phase transition is quite
evident through a discontinuity at µ = Λ), the Newton parameter is very large and drops fast to a very small
value, as expected. Another interesting point is that, for scales below the phase transition, the ratio r becomes
negative. Obviously, this does not mean that the Newton constant is negative. It simply means that a global
minus sign will appear at the action (23).
Figure 3 The ratio r−1 as function of energy scale. The energy is in units of Λ and the ratio r−1 in units of[
55
48pi2
(
e5/6√
5
)
Λ
2
]−1
.
The same analysis can be done for the cosmological constant, except that Λ ∼ γ2 and thus, it should be very
large. This is actually a very welcome feature because it may compensate the QFT predictions and, eventually,
it can provide a small effective value [41].
Obviously, the present results are obtained by a very naive extrapolation of 1-loop results and must be
improved and checked. However, the present extrapolation seems to provide very good qualitative results.
4.3 Estimates
The scales µ and Λ can be estimated by fixing the current value of G−1 ≈ 1.491× 1032TeV 2. Thus, combining
(22) and (36), one easily achieves
9.932× 1031TeV 2 = Λ2
(
µ
Λ
)−70/9
ln
(
µ2
Λ
2
)
. (37)
We have relative freedom to choose µ as long as Nκ2/16pi2 < 1, which means that µ2/Λ
2
> e3/11 ≈ 1.314 (see
(34)). Let us work at µ2 = 2Λ
2
. Thus, Nκ2/16pi2 ≈ 0.393. This provides ln(µ2/Λ2) ≈ 0.693. Accepting that as
reasonable values, we achieve for the renormalization group scale
Λ
2 ≈ 2.123× 1033TeV 2 . (38)
This value provides a time scale of the order of τ ∼ 10−44s which is right below Planck time. Although
some approximations and extrapolations have been considered, we can interpret these values as a good result,
indicating that the geometric phase of gravity appeared right before Planck scale. This means that right above
Planck scale, where quantum mechanics starts to make sense, gravity is already in its geometric phase.
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We can also estimate the value of the cosmological constant for the chosen scales. From (22) and (35), it
provides
Λ2 ≈ 1.106× 1032TeV 2 . (39)
This is a huge amount of energy and is three orders of magnitude greater than quantum field predictions
[40] of Λ2qft ∼ −3.71 × 1028TeV 2 and would not cancel it to provide the observational data value Λ2obs ∼
1.686× 10−68eV 2. On the other hand, from electroweak theory [40, 44] we have Λ2qft ∼ −1TeV 2, which makes
the result even worse. However, for 1-loop approximation at zero temperature, it is quite remarkable that a
solution accommodating Newton constant and Planck time could be found.
4.4 Consistency of the mapping
The gravity action (23) is formally obtained from a consistent map between a gauge theory in a Euclidean space
and a gravity theory in a deformed nontrivial spacetime. This map can be described by a bundle map, where
the original gauge theory is a principal bundle with structure group SO(4) and base space R4, and the target
principal bundle is a coframe bundle with base space given by M4 and local SO(1, 3) isometry. The consistency
of this mapping was analysed in [8] for the case SO(m,n) with m + n = 5. The same technique applies here.
Essentially, a point x ∈ R4 is mapped into a point X ∈ M4 where M4 is the deformed spacetime. To avoid
ambiguities between fibers, the map R4 7→M4 must be an isomorphism. Then, the structure group is identified
with the local isometries of M4 through SO(4) 7→ SO(1, 3). Moreover, the space of p-forms belonging to the
cotangent space T ∗x (R4) is mapped into the space of p-forms in T ∗X(M4) with the specific identification given by
(20). The transformation matrix is straightforward computable once the field equations (25)-(27) are solved.
In general, the transformation matrix is given by [8]
Lνµ =
(
g˜
g
)1/2d
g˜ναgαµ , (40)
where gµν is the metric tensor of the original space and g˜µν is the effective metric tensor. The respective metric
determinants g and g˜ are assumed to be nonvanishing and d is the spacetime dimension. In the present case,
d = 4, gµν = δµν and g˜µν is a metric tensor describing the de Sitter metric spacetime.
Further, we highlight there is a map from a flat gauge theory onto a Lorentzian gravity theory. We cast the
main reasons as follows.
I. Our starting point, which is a four-dimensional Euclidean gauge theory could perfectly be replaced by
a Lorentzian one. In a sense, we could do all previous computations stating that our gauge theory is
nothing else but pure Yang-Mills in four Lorentzian dimensions for the gauge group SL(5,R). However,
it is well-known that, to do concrete computations in standard Quantum Field Theory, a Wick rotation
must be performed in order to have a tractable path integral. At the perturbative level, this is nothing
else but a change of variables which can always be done. On the other hand, at the non-perturbative
level, the issue of Wick rotating the theory is much more subtle, meaning that its validity is not fully
understood. However, we must do computations anyhow and a very common procedure is to start with
a theory defined in Euclidean space. Since our symmetry breaking mechanism is based on the existence
of a dynamical mass parameter generated by the existence of Gribov copies, which is a genuine non-
perturbative phenomenon, we start directly with a gauge theory defined in Euclidean space. Formally,
however, we could say that this parameter is there even if we started with a Lorentzian signature, but is
clear from the Gribov problem literature, that everything is well-defined in Euclidean space. Therefore,
we have two options at this level: (i) We state all the well established properties concerning the Gribov
parameter in Euclidean space and assume we can Wick rotate at the non-perturbative level which implies
a mapping onto a Lorentzian gravity theory; (ii) We assume that we could treat the Gribov problem in
Lorentzian signature from the very beginning and never speak about Euclidean signature. Anyway, at the
end of the story, the signature “issue” seems to live on the gauge theory side, where we have to assume
(or not) that we are free to perform the Wick rotation.
II. The gravity theory we obtain after the mapping is, in the interpretation of our framework, a classical
theory. In this regime, we just have to take care of actions and equations of motion, but not of path
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integrals and quantization devices. Therefore, it seems that the issue of treating a manifold with Euclidean
signature or with Lorentzian signature is just a matter of supporting the theory with a causal structure
or not. But, at this level, we do not have the same obstructions we do when we are dealing with strongly
coupled quantum field theories, and a Wick rotation is supposed to be always possible.
III. Additionally, we must observe that Eq. (40) is a general mapping which relates the components of a p-form
in a manifold Md with metric gµν to the components of the corresponding p-form in a target manifold
M˜d with metric g˜µν . The demonstration is independent of the signatures of the metrics. Moreover, we
emphasize that g˜ = |det g˜µν | and g = |det gµν |. g and g˜ are the absolute values of the gµν and g˜µν
determinants, respectively. For completeness, let us provide the following explicit proof.
Let Wωρ to be a Wick transformation defined by
W ρω =

i
1 0
0
. . .
1
 . (41)
Further, W λω =Wλω. and WµρWρν = δ νµ . The Wick transformation is achieved by
W ρω g˜ρσW σλ = g˜ωλ . (42)
Now, let us start with Lρω = ag˜
ρλgλω with a = (g˜/g)
1
2d , where g˜ = |det g˜ρλ| and g = |det gλω|, while gλω
and g˜ρλ are, respectively, the metric of the initial space and the metric of the final curved space. Hence,
a Wick transformation can be accounted by L by means of the direct metric mapping:
g˜µν = L
α
µ L
β
ν gαβ . (43)
Thus, using Eq. (43) in Eq. (42), we obtain
g˜µν = W αµ W βν L γα L δβ gγδ
g˜µν = (W αµ L γα )(W βν L δβ )gγδ (44)
Thus,
L
γ
µ =W αµ L γα (45)
incorporates the Wick rotation. Moreover det g˜ωλ = −det g˜ωλ, hence g˜ = g˜. Aftermath, we achieve the
expected Wick-rotated metric g˜
µξ
to the final target space.
5 Conclusions
We presented a model where, at high energies, quantum gravity is described by a pure SL(5,R) Yang-Mills
action in four Euclidean dimensions while the low energy theory is a geometrodynamical theory containing
the Einstein-Hilbert term, cosmological constant and a matter field. The transition between the two phases is
mediated by a soft BRST symmetry breaking associated with the Gribov problem. It was found that, at the
Landau gauge in one-loop approximation, the ratio between the Gribov parameter and the coupling parameter
can be associated with a kind of order parameter that describes the phase transition between both sectors (see
Fig. 2). First, the ratio increases and the soft BRST breaking gradually appears. Then, after a maximum, the
ratio goes to zero very rapidly. At this point, the original gauge group suffers a symmetry breaking to the group
SO(4) and the geometric phase starts over. The degrees of freedom of the original theory are identified with the
vierbein, the spin-connection and a matter field. The consequence is that an effective geometry appears. After
that, the ratio becomes negative and rapidly increases in magnitude which is good because its inverse is related
to Newton’s constant (se expression (22)). It is important to keep in mind that this last sector is obtained from
an extrapolation that goes beyond perturbation theory. However, after the Landau pole, a phase transition is
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expected and the coupling parameter is meaningful. After the phase transition, a different coupling takes place
as well as a different theory. We have assumed however that the ratio r is a good candidate to describe the
phase transition and that it could describe the theory at any scale.
Let us make a small interlude about our interpretation on metric free approach. The initial action is an
Yang-Mills action in a Euclidean (flat) 4-dimensional spacetime without mass parameters. The mass parameter
is generated dynamically due to the Gribov’s problem. Only after this dynamical effect we can identify our model
with a gravity theory. Our model is developed quite differently from that presented in [13] where the authors
start from a topological action, which is constructed over a metric-free spacetime. Then, a nontopological theory
emerges from a spontaneous symmetry breaking caused by a Higgs-like mechanism. After this breaking, they
have reached an emergent gravity model and an effective metric arises.
As described in expression (22), Newton and cosmological constants are related to the Gribov and coupling
parameters. The running of the Newton constant can be visualised at Fig. 3, which, however, is related to
gravity only below µ = Λ. Moreover, with relatively small expansion parameter and logarithms, we were able
to find a solution that accounts for the current value of Newton’s constant and predicts a scale of the phase
transition right below the Planck scale, as expected. This means that, near to the Planck scale, gravity would
already be at the geometric phase. However, the predicted value for the cosmological constant does not account
for the cancellation of quantum field theory predictions. Nevertheless, we found remarkable that these results
could be obtained from 1-loop approximations. It is also remarkable that the same mechanism that describes
confinement in QCD can be employed to generate gravity. Improved explicit computations are required indeed,
but we leave it for future investigation.
Let us take a look at the classical theory described by the action (23). The Newton constant is a global
factor and will not affect our analysis. The first term of this gravity action is a squared curvature term and is
proportional to Λ−2. Since the cosmological constant is very large, this term is negligible when compared, for
instance, to the Einstein-Hilbert term. Thus, forgetting about the matter field, the only difference between the
action (23) and general relativity with cosmological constant is the squared torsion term. However, torsion is
expected to be very small and account only for a suitable coupling with fermions.
Concerning the matter field, except for the mass terms (the last two terms), the matter action is also
proportional to Λ−2. The first and third terms at the second line of (23) tells us that this field interacts with
gravity. On the other hand, looking at the mass terms (see also the field equations (27)), we can see that the
mass is proportional Λ2. Thus, since this is a huge amount of mass, the matter field has a very small range. In
fact, the field m only interacts with gravity and has a very small range, this makes the matter field a potential
candidate for dark matter. In the future, we intent to exploit these issues as well.
About the classical limit of the equation (25) we stress that, under small curvatures and due the presence
of the high-valued renormalized cosmological constant displayed in (39), the usual GR limit is attained. Let
us clarify this point looking at (26). If (3/Λ2)D ? Rab ≈ 0 (for small curvatures), then we obtain an algebraic
equation for the torsion which has T = 0 as a possible solution. Under such limits, i.e., small curvatures and
T = 0, we have (3/2Λ2)Rbc ? (Rbcea) ≈ 0 and the vacuum Einstein’s field equations with cosmological constant
are recovered as well for the m = 0 solution, otherwise, we have GR coupled to a massive matter field and
cosmological constant. Nevertheless, we also have freedom to insert a non-vanishng torsion scenario as well.
However, such investigations on nonvanishing torsion and/or high curvature were left to future investigations.
Three last comments are in order. The first one concerns the Weinberg-Witten theorems [45]. It was
discussed in [10, 11] the fact that the present model does not violate these theorems. Essentially, these theorems
forbid: (i) massless charged states with helicity j > 1/2 which have a conserved Lorentz-covariant current and
(ii) massless states with helicity j > 1 which have conserved Lorentz-covariant energy-momentum tensor. First
of all, the theory has several mass gaps. In here, only the Gribov parameter was considered. Nevertheless, it
was enough to provide a nontrivial pole for the propagators of the theory. Second, and perhaps more important,
we have not constructed spin-2 states from composite operators. We have identified some fields (see expression
(20)) and composite operators (see expression (19)) with geometric quantities of a different spacetime. In fact,
Weinberg-Witten theorems depend on Lorentz global symmetry, which is lost during the mapping.
The second comment concerns the BRST symmetry breaking mechanism in our model, which is part of the
geometrodynamical phase ascending. There is another class of gravity theories [46] that uses BRST quantization
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to obtain an emergent gravity as the dominant classical contribution to the path integral.
The third comment is about the graviton itself: where are the spin-2 excitations usually associated with
gravitons? The answer is simple, there are not spin-2 excitations. Due to the hierarchy problem, the low energy
geometrodynamical theory here occurs at a very high energy scale (near Planck scale) when compared to the
other interactions. Only after a considerable decrease of the energy, the geometric theory could be linearized in
order to background fluctuations be associated with spin-2 waves. Thus, at quantum level, the present model
is made of spin-1 “gravitons” described by the gauge field. Then, a kind of attraction/repulsion behaviour can
be expected. This is a very good feature because it could prevent the usual singularity problems that appear in
general relativity. We can then look at this theory as having three stages: The first stage is beyond Planck scale
where gravity is a pure massless Yang-Mills gauge theory described by spin-1 excitations. Then, a second stage
takes place when soft BRST symmetry breaking enforces the theory to change to a geometrodynamical theory.
This sector is a low energy limit. However, it is at high energies when compared to the other fundamental
interactions. Then, a third stage can be originated for weak curvature regime. At this last stage, the theory
can be linearized around a flat background and then spin-2 perturbations arise as in usual linearized gravity.
In summary, we have shown that gravity, a potential candidate to dark matter and dark energy can arise
as an effective feature from a gauge theory. Although improvements must be performed, this theory provides
good estimates for a semi-perturbative one-loop approximation.
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